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Method and System to Convey 
the Within-Channel Fine Structure with a Cochlear Implant 

[0001] The present application claims the benefit of U.S. Provisional 
Patent Application Serial No. 60/426,267, filed 13 November, 2002, which 
application is herein incorporated by reference in its entirety. 

Background of the Invention 

[0002] The present invention relates to systems and methods for 
stimulating the cochlea. More specifically, the present invention relates to 
systems and methods for processing incoming sound wave information and 
accurately conveying this information as perceived sounds. 
[0003] Fine time structure ("FTS") is the fast varying information present in 
sounds. The FTS has been shown to be essential for recognition of musical 
melodies, as well as for finely discerning other sounds. 

[0004] In conventional, pulsatile, cochlear, implantable stimulation strategy 
("CIS"), the incoming sound is broken into a small number of frequency bands, 
for example, between 8 to 22 bands. The slowly-varying envelope is extracted 
from each band and this envelope information is used to modulate a 
high-frequency pulsatile carrier signal that is presented to a plurality of 
stimulating electrodes, conventionally equaling the number of frequency bands. 
In this conventional method of processing sound, some of the FTS information is 
discarded, namely, the fast-varying components present in each frequency band 
(or stimulation channel). 

[0005] FTS can be conveyed to the auditory nerve fibers in two different 
ways: (a) temporally, with respect to the discharge patterns of the auditory nerve 
fibers overtime; and (b) spectrally (spatially), with respect to the cochlear 
excitation pattern over the length of the cochlea. Because different segments of 
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the cochlea, over its length, are associated with different sound frequencies, the 
spatial location on the cochlea represents the spectral frequencies of the 
incoming sounds. It is unclear which of the two modes of variation, temporal or 
spectral, is more important for conveying the FTS. 

[0006] In a conventional CIS system, the use of discrete electrodes fixes 
the position of the electrical stimulation field emanating from each electrode. 
Thus, if eight electrodes are used, there are eight dominant, but fixed, 
stimulation points on the cochlea. Spatial points or places on the length of the 
cochlea, which are between electrodes and between the dominant stimulation 
points, are poorly stimulated because only those areas closest to the electrodes 
are well stimulated. As a result, the conventional system can not accurately 
convey the FTS spatially to the cochlea. 

[0007] It would be desirable to capture the FTS in incoming sounds and to 
deliver this information with improved spatial accuracy over the length of the 

cochlea. What is needed, therefore, is a method and system of processing 
auditory sound waves into electrical signals that capture FTS information and 
accurately direct this information to appropriate nerves that spatially innervate 
the cochlea. 

Summary of the Invention 

[0008] The present invention addresses the above and other needs by 
providing a stimulation strategy that accurately conveys the FTS. 
[0009] In one aspect of the present invention, there is provided a method 
for capturing the FTS in filter outputs, processing this information and delivering 
a more accurate spectral translation of the sound to the cochlea. In accordance 
with the present invention for stimulating the cochlea, the method comprises: 
(a) analyzing the incoming sounds within a plurality of frequency bands; (b) 
extracting the slowly varying frequency carrier component of the incoming sound 
in each frequency band with an envelope; (c) estimating the dominant FTS 
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component in each frequency band using an FTS analyzer; (d) adding the 
dominant FTS component to the carrier component to provide a precise 
corresponding spatial location on the cochlea; and (e) directing the stimulation 
current, using a current navigator, to the precise spatial place on the cochlea. 
[0010] It is a feature of the present invention to provide embodiments of a 
method for analyzing the FTS which involve: (1) within a predetermined time 
interval, for a particular frequency band or window, averaging the intervals 
between the zero crossings of an incoming sound wave and calculating the 
dominant FTS component or (2) in a predetermined time interval, using a Fast 
Fourier Transform to de-construct a sound wave, in order to identify the 
dominant FTS component in each particular frequency band or window. 
[0011] In another aspect of the invention a stimulation system is provided, 
which system comprises: an envelope extractor for extracting the slowly varying 
information in a sound; an FTS analyzer for identifying and estimating the 
dominant FTS component within a frequency band; and a current navigator for 
directing stimulation, using virtual electrodes, to more accurately stimulate 
specific sets of nerves along the cochlea. 

[0012] It is a feature of the present invention that capturing FTS and 
conveying this information to corresponding locations or "places" along the 
cochlea can be implemented in conjunction with such concepts as K of L 
stimulation strategies, as well as virtual channels/electrodes. 

Brief Description of the Drawings 

[0013] The above and other aspects, features and advantages of the 
present invention will be more apparent from the following more particular 
description thereof, presented in conjunction with the following drawings wherein: 
[0014] FIG. 1 is a current stimulation waveform that defines the stimulation 
rate (1/T) and biphasic pulse width (PW) associated with electrical stimuli, as 
those terms are commonly used in the neurostimulation art; 
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[0015] FIGS. 2A and 2B, respectively, show a cochlear implant system 
and a partial functional block diagram of one embodiment of a cochlear 
stimulation system, which may incorporate the system of the present invention 
and implement the method of the present invention for conveying fine time 
structure in sounds; 

[0016] FIG. 3 shows a representation of sound wave amplitudes as a 
function of time and a slowly moving envelope; 

[0017] FIG. 4A shows a graph depicting four frequency bands or windows 
with dominant FTS components a, b and c. 

[0018] FIG. 4B shows a graph depicting eight frequency bands or windows 

with dominant FTS components d, g, h, and j; 

[0019] FIG. 5A shows a block functional diagram representing 

conventional sound processing in a cochlear implant using an envelope 

extractor; 

[0020] FIG. 5B shows a block functional diagram representing the system 
and method of the present invention, which includes an FTS analyzer/estimator 
and a current navigator; 

[0021] FIG. 6 shows, in accordance with the present invention, a depiction 
of a filter output which is one frequency band, wherein the dominant FTS 
frequency component is calculated by averaging the intervals between zero 
crossings of the waveform or counting the number of zero crossings of a 
waveform and averaging the result; 

[0022] FIG. 7A illustrates the location of an applied stimulus within a duct 

of the cochlea, without the benefit of virtual electrodes; 

[0023] FIG. 78 Illustrates the location of an applied stimulus within a duct 

of the cochlea, with the benefit of current steering; 

[0024] FIG. 8A provides an example of a virtual stimulation channel 

provided with a two electrode system for steering the current field; and 
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[0025] . FIG. 8B provides another view of the same pair of electrodes in 
FIG. 8A, but with unequal current outputs between the two electrodes which 
skews the position of the highest intensity current field. 
[0026] Corresponding reference characters indicate corresponding 
components throughout the several views of the drawings. 

Detailed Description of the Invention 

[0027] The following description is of the best mode presently 
contemplated for carrying out the invention. This description is not to be taken in 
a limiting sense, but is made merely for the purpose of describing the general 
principles of the invention. The scope of the invention should be determined with 
reference to the claims. 

[0028] Before describing the present invention, it will be helpful to first 
provide an overview of the structure of a cochlear implant system that can be 
used to practice the present invention. This oven/iew is provided below in 
connection with the description of FIGS. 1 , 2A and 28. 
[0029] FIG. 1 , shows a waveform diagram of a biphasic pulse train. The 
figure defines stimulation rate (1/T), pulse width (PW) and pulse amplitude as 
those terms are commonly used in connection with a neurostimulator device, 
such as a cochlear implant, a spinal cord stimulator (SCS), a deep brain 
stimulator (DBS), or other neural stimulator. All such systems commonly 
generate biphasic pulses 6 of the type shown in FIG. 1 in order to deliver 
stimulation to tissue. 

[0030] A "biphasic" pulse 6 consists of two pulses: a first pulse of one 
polarity having a specified magnitude, followed immediately or after a very short 
delay by a second pulse of the opposite polarity, although possibly of different 
duration and amplitude, such that the total charge of the first pulse equals the 
total charge of the second pulse. It is thought that such charge-balancing can 
prevent damage to stimulated tissue and prevent electrode corrosion. For 
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multichannel cochlear stimulators of the type that may include the present 
invention, it is common to apply a high rate biphasic stimulation pulse train to 
each of the pairs of electrodes in accordance with a selected strategy and 
modulate the pulse amplitude of the pulse train as a function of information 
contained within the sensed acoustic signal. 

[0031] FIG. 2A shows a cochlear stimulation system 5 that includes a 
speech processor portion 10 and a cochlear stimulation portion 12. The speech 
processor portion 10 includes a speech processor (SP) 16 and a microphone 18. 
The microphone 18 may be connected directly to the SP 16 or coupled to the SP 
16 through an appropriate communication link 24. The cochlear stimulation 
portion 12 includes an implantable cochlear stimulator (ICS) 21 and an electrode 
array 48, The electrode array 48 is adapted to be inserted within the cochlea of 
a patient. The array 48 includes a plurality of electrodes 50, e.g., sixteen 
electrodes, spaced along the array length and which electrodes are selectively 
connected to the ICS 21 . The electrode array 48 may be substantially as shown 
and described in U.S. Patent Nos. 4,819,647 or 6,129,753, both patents 
incorporated herein by reference. Electronic circuitry within the ICS 21 allows a 
specified stimulation current to be applied to selected pairs or groups of the 
individual electrodes included within the electrode array 48 in accordance with a 
specified stimulation pattern defined by the SP 16. 

[0032] The ICS 21 and the SP 16 are shown in FIG. 2A as being linked 
together electronically through a suitable data or communications link 14. In 
some cochlear implant systems, the SP 16 and microphone 18 comprise the 
external portion of the cochlear implant system and the ICS 21 and electrode 
array 48 comprise the implantable portion of the system. Thus, the data link 14 
is a transcutaneous (through the skin) data link that allows power and control 
signals to be sent from the SP 16 to the ICS 21 . In some embodiments, data 
and status signals may also be sent from the ICS 21 to the SP 16. 
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[0033] FIG. 2B shows a partial block diagram of one embodiment of a 
cochlear implant system that can include the present system and that can permit 
the practice in accordance with the present method for conveying FTS. At least 
certain portions of the SP 16 can be included within the implantable portion of 
the overall cochlear implant system, while other portions of the SP 16 can remain 
in the external portion of the system. In general, at least the microphone 18 and 
associated analog front end (AFE) circuitry 22 can be part of the external portion 
of the system and at least the ICS 21 and electrode array 48 can be part of the 
implantable portion of the invention. As used herein, the term "external" means 
not implanted under the skin or residing within the inner ear. However, the term 
"external" can also mean residing within the outer ear, residing within the ear 
canal or being located within the middle ear. 

[0034] Typically, where a transcutaneous data link must be established 
between the external portion and implantable portions of the system, such link is 
Implemented by using an internal antenna coil within the implantable portion, and 
an external antenna coil within the external portion. In operation, the external 
antenna coil is aligned over the location where the internal antenna coil is 
implanted, allowing such coils to be inductively coupled to each other, thereby 
allowing data (e.g., the magnitude and polarity of a sensed acoustic signals) and 
power to be transmitted from the external portion to the implantable portion. 
Note, in other embodiments of the invention, both the SP 16 and the ICS 21 may 
be implanted within the patient, either in the same housing or in separate 
housings. If in the same housing, the link 14 may be implemented with a direct 
wire connection within such housing. If in separate housings, as taught, e.g., in 
United States Patent 6,067,474, incorporated herein by reference, the link 14 
may be an inductive link using a coil or a wire loop coupled to the respective 
parts. 

[0035] The microphone 18 senses sound waves and converts such sound 
waves to corresponding electrical signals and thus functions as an acoustic 



-7- 



transducer. The electrical signals are sent to the SP 16 over a suitable electrical 
or other link 24. The SP 16 processes these converted acoustic signals in 
accordance with a selected speech processing strategy to generate appropriate 
control signals for controlling the ICS 21 . Such control signals specify or define 
the polarity, magnitude, location (which electrode pair or electrode group receive 
the stimulation current), and timing (when the stimulation current is applied to the 
electrode pair) of the stimulation current that is generated by the ICS. Such 
control signals thus combine to produce a desired spatio-temporal pattern of 
electrical stimuli in accordance with a desired speech processing strategy, 
[0036] A speech processing strategy is used, among other reasons, to 
condition the magnitude and polarity of the stimulation current applied to the 
implanted electrodes of the electrode array 48. Such speech processing 
strategy involves defining a pattern of stimulation waveforms that are to be 
applied to the electrodes as controlled electrical currents. 
[0037] FIG. 2B depicts the functions that are carried out by the SP 16 and 
the ICS 21 . A description of the functional block diagram of the cochlear implant 
shown in FIG. 2B is found in U.S. Patent 6,219,580, incorporated herein by 
reference. It is emphasized that the particular functions shown in FIG. 2B are 
representative of just one type of signal processing strategy that may be 
employed for dividing the incoming signal into frequency bands and 
independently processing each band. The system and method of the present 
invention for conveying FTS information may be used with other cochlear 
systems other than the system shown in FIG. 28, which system is not intended 
to be limiting to the present invention. 

[0038] The cochlear implant functionally shown in FIG. 28 provides n 
analysis channels that may be mapped to one or more stimulus channels. That 
is, as seen in FIG. 28, after the incoming sound signal is received through the 
microphone 18 and the analog front end circuitry (AFE) 22, the signal can be 
digitized in an analog to digital (A/D) converter 28 and then subjected to 
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appropriate gain control (which may include compression) in an automatic gain 
control (AGC) unit 29. After appropriate gain control, the signal can be divided 
into n analysis channels 30, each of which includes a bandpass filter, BPFn, 
centered at a selected frequency. The signal present in each analysis channel 
30 is processed as described more fully in the 6,219,580 patent, or as is 
appropriate, using other signal processing techniques and the signals from each 
analysis channel may then be mapped, using mapping function 41 , so that an 
appropriate stimulus current of a desired amplitude and timing may be applied 
through a selected stimulus channel to stimulate the auditory nerve. 
[0039] Thus it is seen that the exemplary system of FIG. 2B provides a 
plurality of analysis channels, n, wherein the incoming signal is analyzed. The 
information contained in these n analysis channels is then appropriately 
processed, compressed and mapped in order to control the actual stimulus 
patterns that are applied to the user by the ICS 21 and its associated electrode 
array 48. 

[0040] The electrode array 48 includes a plurality of electrode contacts 50, 
50, 50" and labeled as, El, E2, . . . Em, respectively, which are connected 
through appropriate conductors to respective current generators or pulse 
generators within the ICS. Through these plurality of electrode contacts, a 
plurality of stimulus channels 127, e.g., m stimulus channels, may exist through 
which individual electrical stimuli can be applied at m different stimulation sites 
within the patient's cochlea. 

[0041] Conventional cochlear implant systems use a one-to-one mapping 
scheme between the n analysis channels and the m stimulus channels 127 that 
are directly linked to m electrodes 50, 50', 50", such that n analysis channels = m 
electrodes. In such a case, the signal resulting from analysis in the first analysis 
channel may be mapped, using appropriate mapping circuitry 41 or equivalent, to 
the first stimulation channel via a first map link, resulting in a first cochlear 
stimulation place (or first electrode). Similarly, the signal resulting from analysis 
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in the second analysis channel of the SP may be mapped to a second 
stimulation channel via a second map link, resulting in a second cochlear 
stimulation place, and so on. Obviously, there is little point to having more 
analysis channels than the number of stimulation channels/electrodes that are 
available. 

[0042] In contrast, the present invention may be used under the condition 
that n = m or when n is greater than m. For example assume that n is at least 20 
or as high as 32, while m is no greater than sixteen, e.g., 8 to 16. In that case, it 
may be possible to use n analysis channels even though there are actually fewer 
physical electrodes than analysis channels. This may be done using the concept 
of "virtual electrodes." 

[0043] Virtual electrodes provide stimulation 6 at parts of the cochlea that 
are "in between" electrodes. An equivalent stimulus is perceived which would 
be produced if a "virtual electrode" were located on that location or "place" on the 
cochlea. Advantageously, the capability of using different mapping schemes 
between n SP analysis channels and m ICS stimulation channels 127 to thereby 
enable a large number of "in-between", as well as actual stimulation sites can 
more accurately direct the neural excitation to the cochlear location or "place" 
which is targeted. 

[0044] One method of implementing virtual electrodes is to use two or 
more stimulus output channels 127 to deliver stimuli simultaneously at two or 
more electrode contacts 50, 50', 50". The stimulus current 6 at each electrode is 
weighted in appropriate proportions between two or more electrodes 50, 50* 50" 
in order to effectively "steer" the current from one stimulus location within the 
cochlea to another. The concept of "current steering" is taught in U.S. patent 
6,393,325 for use within a spinal cord stimulation system and U.S. Pat. No. 
6,052,624. Both patents are incorporated herein by reference. Current steering, 
as taught in the 6,393,325 patent, may be employed within other neural 
stimulation systems, including a cochlear implant system. Additional features 
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and advantages of current steering are taught in International Publication 
Number WO 02/09808 A1, published February 7, 2002, based on International 
Application Number PCT/USOO/20294, filed 26 July 2000, which publication is 
incorporated herein by reference in its entirety. 

[0045] It is important to understand that the concept of "virtual electrodes" 
is a broad concept and includes the above described method of current steering 
using weighted currents simultaneously delivered through two or more 
electrodes. Virtual electrodes can also be created by other techniques. One 
such alternative technique is to provide rapidly alternating, non-simultaneous, 
stimuli at a first electrode Ef and at a second electrode Eg , wherein the effect of 
this time-multiplexed, alternating stimulus delivery is to provide a perceived 
stimulation that is somewhere between E^ and Eg. The present invention may 
utilize all techniques of implementing virtual electrodes, including current steering 
through application of simultaneous weighted currents and also through 
time-multiplexed presentation of stimuli delivered through at least two different 
closely positioned electrodes 50, 50\ 50". 

[0046] FIG. 3 shows a representation of incoming sound waves as a 
function of time that could be picked up by microphone 18 as shown in FIG. 2B. 
The envelope 1 10 of the sound provides the slow moving or lower frequency 
components of the sound. The faster varying components 120, within this 
envelope 110 of the incoming sound are FTS components of the sound. 
Conventional cochlear stimulation systems take the incoming sounds, as 
represented in FIG. 3 and de-construct the sounds into frequency bands, as 
shown in FIGS. 4A and 4B. These frequency bands may correspond to 
bandpass filters BPFi . . . BPF^ shown in FIG. 2B. 

[0047] FIG. 4A provides a specific example in which incoming sounds are 
processed into four separate frequency bands, shown as 40-100 Hz, 100-200 
Hz, 200 to 500 Hz and 500 to 1 000 Hz in this particular example. The four 
frequency bands may represent four distinct stimulation channels, in the instance 
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where n analysis channels = m stimulation channels. To implement the four 
channel processing (without the use of virtual electrodes), at least four 
stimulating electrodes are required to convey the necessary stimuli to the 
cochlea. The dominant fine time structure (FTS) components a, b and c occur in 
three of four frequency bands shown. Minor peaks may be present but are not 
illustrated here, as they are ignored in processing. The third frequency band 
does not show any activity. 

[0048] To convey the identified, dominant FTS in each band, the 
stimulation system delivers stimulation pulses to three of four electrodes that are 
placed on the cochlea. The specific amplitudes of each dominant FTS 
component that is translated to stimulus pulses through the appropriate three of 
the electrodes can be translated as a perceived sound intensity. This perceived 
sound intensity can be Increased by increasing the stimulation amplitude of a 
pulse such that more nerve fibers are recruited (captured) at one time. In 
addition, the frequency of the train of pulses delivered at the electrode can also 
be increased to recruit more nerve fibers within a fixed time interval. Such an 
increase in pulse frequency and amplitude can translate to an increase in 
perceived, sound intensity. 

[0049] FIG. 4B provides another specific example of an eight-channel 
system in which the sound frequency spectrum, from 0 Hz to 1 kHz, is divided 
into eight frequency bands 125, 125'. Dominant FTS components within each 
frequency analysis band 125, 125' shown are d, g, h, and j. These dominant 
FTS components are identified, selected and captured by the cochlear 
stimulation system. Minor peaks e, f and i are discarded or are not identified. In 
such an eight-channel system (where n analysis channels = m stimulation 
channels), there should be at least eight electrodes in the electrode array, each 
electrode 50, 50', 50" representing one analysis channel 30. As illustrated in 
FIG. 4B, when the sound spectrum is broken into more frequency bands to 
capture more FTS, the resolution of the stimulation system is enhanced because 
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it will be able to capture smaller components such as e and f. Thus, it can be 
appreciated that higher resolution can be obtained by having more analysis 
channels (BPF-, . . . BPF^), for example, using sixteen different channels 
employing a sixteen electrode array 48. On the other hand, there is a practical 
limit to increasing the number of frequency analysis bands that can be used in a 
cochlear stimulator because of space and power limitations of the device. 
[0050] It is important to understand however, that even in a system having 
many analysis channels, e.g., sixteen, there is a loss of FTS information 
because, while the dominant FTS component, for instance, g, shown in FIG. 4B, 
is identified within a single frequency band (40-80Hz), the conventional 
stimulation system does not further attempt to convey the exact frequency of the 
FTS component within that band. Rather, it is conveyed generally by the fixed 
position of an electrode that represents that particular frequency band. It is 
assumed that the dominant frequency is centered and fixed somewhere in the 
middle of an analysis frequency band (or band-pass frequency). This limitation 
is inherent in any conventional cochlear stimulation systems because each 
electrode is placed in a fixed location with respect to the electrode array and, 
when the array is implanted, each electrode Is fixed with respect to the cochlea. 
As a result, FTS frequency Information is lost. 

[0051] FIG. 5A shows a partial block diagram of the processing system 
and method that are presently practiced in conventional cochlear stimulation 
systems and can be used to illustrate how FTS is lost. The concept of virtual 
electrodes is not employed in a conventional system. After filtering out the 
dominant frequency components in each frequency band using an envelope 
extractor, as shown by the rectangular box 130, the dominant frequency 
component is conveyed to the respective electrode 50, 50', 50" that corresponds 
to that particular frequency band. It can be seen that the position of a dominant 
frequency, for example, component c in FIG. 5A will be positioned on the 
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cochlea, spectrally in the middle of the frequency band between 500Hz to 
1000Hz, instead of closer to the 500 Hz as shown. 
[0052] The block diagrams of FIGS. 5A and 5B show that both the 
conventional cochlear stimulator system and the system of the present invention 
includes an envelope extractor 130 and 131 for providing the carrier signal, and 
a linear array of m electrodes, E^, Eg ... E^,, which are represented as 50, 50', and 
50", respectively. 

[0053] FIG. 5B shows, in accordance with the present invention, a block 
diagram of a cochlear stimulation system which captures the FTS information in 
the auditory stimulation signals and conveys this information spatially (spectrally) 
to the nerves in the cochlea. The system shown in FIG. 5B includes: (a) an 
envelope extractor 1 31 ; (b) a fine time structure (FTS) analyzer/estimator 1 35; 
and (c) a current navigator 140 for creating virtual electrodes in order to precisely 
direct stimuli to various spatial locations (the place) on the cochlea that 
correspond to the FTS captured and analyzed by the FTS analyzer 135. The 
task of the FTS analyzer 135 is to precisely estimate the dominant FTS 
components in each frequency band as, for example, shown previously in FIG. 
58. Assuming a stimulation system which has eight analysis frequency bands, 
the FTS analyzer 135 determines the dominant FTS component within each 
analysis frequency band. The dominant FTS component within each band is 
identified, including the dominant component's precise frequency within the 
band. The other minor FTS components within a frequency band (such as 
inferior components e and f, in FIG. 58) can be discarded. 
[0054] The obtained FTS is then linearly added to the carrier signal 
obtained from the envelope extractor 131 by the current navigator 140 which 
processes and spatially directs the presentation of stimuli on the various 
cochlear places via one or more electrodes 50, 50*, 50" such that the peak of the 
stimulation will be presented more precisely at the cochlear locations (places) 
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that correspond to the FTS dominant frequency components in each frequency 
band. 

[0055] FIG. 6 shows a graph, in accordance with the present invention, 
one method for determining the dominant FTS component (the precise 
frequency) within a frequency band. The graph shows a sampled time window, 
T^, 121 of 20 milliseconds sampling sounds within a single frequency band of 
125 to 250 Hz. The dominant FTS component within this frequency band can be 
calculated by averaging the time intervals between successive zero crossings, 
122, 12Z, 122" also labeled in FIG. 6 as Z1, Z2. Z3, Z4, Z5 and Z6 within a time 
window, T^, illustrated here as 20 milliseconds. The peak FTS estimate is simply 
1 over the averaged intervals of time between successive zero crossings. For 
example, the intervals of time are represented by the time between Z2 and Z1 ; 
the time between Z3 and Z2, the time between Z4 and Z3. the time between Z5 
and Z4 and the time between Z6 and Z5. Although the example shows a time 
window, T^ of 20 milliseconds, a time window of between about 10 to 100 
milliseconds may be used to smooth the estimate so that stimulation is not 
perceived as noisy. 

[0056] Another, alternative embodiment of the present method for 
detemiining the FTS of the dominant component is to count zero crossings of the 
sound waves in a predetermined time window. The number of zero crossings is 
divided by the total duration of the time window to achieve the frequency 
estimate. For instance, both positive and negative going crossings are counted 
(in this case seven), then the number of zero crossings is further divided by 2 
and then divided again by the total duration of time, T^, 121 , which is 20 
milliseconds. Sufficiently accurate estimates can be achieved with a time 
window, T^, that is at least 10 milliseconds long and preferably between about 10 
to 100 milliseconds. 

[0057] Still another alternative method of the present invention for 
determining the dominant FTS component is somewhat more sophisticated and 
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employs a Fast Fourier Transform to precisely de-construct the fundamental 
frequency components in a particular incoming sound. The dominant FTS 
component in a frequency band should be sustained over a time duration of 
about between 10 to 100 milliseconds. A formant tracker, which can identify the 
dominant FTS components in a frequency band can be employed. A hardware 
and software implementation that uses a Fast Fourier Transform may, however, 
may require greater processing power and, therefore, use more energy and use 
up more device space compared to the simple method described which needs 
only detection and counting of zero crossings. 

[0058] Once the specific dominant FTS in each of the frequency bands 
are identified by one of the methods identified above, the dominant FTS must be 
conveyed spatially (spectrally) to the specific locations of the cochlea. 
Conventional stimulation systems do not convey via the electrodes the precise 
dominant FTS components because the electrodes in the electrode array are 
fixed at specific locations on the array and in the cochlea, after the array is 
implanted. 

[0059] FIG. 7A shows a side view of part of an electrode array showing 
electrodes, El , 50, E2, 50*, and E3, with inter-electrode spacing, D. This 
illustrates conventional stimulation, without employing virtual electrodes. The 
carrier 150 that has the electrodes El, E2 and E3 is shown inserted into a 
cochlear duct 52, e.g., the scala tympani, within tissue 54 that is to be stimulated. 
The electrodes E1 , E2 and E3 are located "in line" on a carrier 150, and are 
spaced apart from each other a distance "D". Each electrode is electrically 
connected to a wire conductor (not shown) that is embedded within the carrier 
150, and which connects the electrode to the ICS 21 (see FIGS. 2A or 2B). The 
cochlear duct 52, is typically one of the three ducts in the human cochlea, for 
instance, the scala tympani. A reference (indifferent) electrode (not shown) is 
also presumed to be present some distance from the electrodes El , E2 and E3, 
thereby allowing monopolar stimulation to occur between a selected one of the 
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electrodes and the reference electrode. Bipolar stimulation could likewise occur, 
e.g., between electrodes E1 and E2. or between E2 and E3, or between any 
other pair of electrodes. 

[0060] In operation, using conventional stimulation, a stimulus current is 
applied to electrode E1 , the stimulus location in the tissue 54 is essentially the 
location 56, adjacent the physical location of the electrode E1 . Similarly, when a 
stimulus current is applied to electrode E2, the stimulus location in the tissue 54 
is essentially centered at location 58, adjacent the physical location of the 
electrode E2. Likewise, when a stimulus current is applied to electrode E3, the 
stimulus location in the tissue 54 is essentially centered at location 60, adjacent 
the physical location of the electrode E3. It is thus seen that the resolution, or 
precision, with which a stimulus may be applied to the tissue is only as good as 
the spacing of the electrodes on the electrode array. That is, each stimulus 
location in the tissue 54 is separated by approximately the same distance "D" as 
separates the electrodes. 

[0061] One strategy for escaping this limitation is to increase the number 
of electrodes and thereby decrease the inter-electrode spacing. However, such 
a strategy can only be carried to a limited extent, because at some point, 
believed to be around 16 to 22 electrodes, increasing the number of electrodes 
does not always improve spatial precision in stimulating the nerves on the 
cochlea. The electrical field gradient around a single stimulating electrode has 
an inherent, spatial imprecision. There is a fixed, ceiling number of discrete 
electrodes for each type of electrode array, beyond which, little improvement in 
spatial resolution will be seen. 

[0062] The present invention, in contrast, goes beyond the limitations 
imposed by fixed electrodes by employing a current navigator 140 (FIG. 5B). In 
particular, current steering can be achieved by employing weighted delivery of 
simultaneous currents to through electrodes. The present invention also 
includes other forms for directing the stimulation - that is, where perceived 
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stimulation results from employing virtual electrodes. Virtual electrodes may be 
achieved through current steering by delivering weighted currents simultaneously 
through at least two electrode or, alternatively, by delivering alternating stimuli 
through at least two electrodes in a time-multiplexed manner. 
[0063] The present invention uses a current navigator 140 to process the 
dominant FTS component information and concurrently deliver stimuli to precise 
locations (places) in the cochlea. One technique to achieve this precise 
delivery, even between electrodes is to use current steering, by delivering stimuli 
simultaneously in weighted fashion to at least two electrodes in the array 
(E-,...E J. By changing the weights of the relative currents delivered to each of 
the active electrodes, the peak excitation may be delivered to a location on the 
cochlea which more accurately reflects the dominant FTS component within a 
frequency band. Alternatively, as another technique, in accordance with the 
present method of the invention, the current navigator can use time-multiplexed, 
non-simultaneous delivery of alternating stimuli to implement virtual electrodes in 
order to precisely direct stimulation to places on the cochlea. In contrast, with 
conventional cochlear stimulation, the frequency representation delivered to an 
electrode is necessarily a fixed, spacial frequency which is disadvantageously 
dependent on the pre-determined position of an electrode on the cochlea. 
[0064] With reference to FIG, 7B, a diagram is presented to illustrate the , 
location where a stimulus is applied when virtual electrodes are employed, e.g., 
current steering or, alternatively, time-multiplexed, non-simultaneous, alternating 
stimuli, in accordance with the present invention. The structure of the electrode 
array and spacing between electrodes E1 , E2 and E3 is the same as in FIG. 3A. 
Thus, when a stimulus current is applied only to electrode E1 , the stimulus 
location in the tissue 54 is the location 56, the same as was the case in FIG. 3A. 
Similarly, when a stimulus current is applied only to electrode E2, the stimulus 
location in the tissue 54 is the location 58. Likewise, when a stimulus current is 
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applied only to electrode E3, a stimulus location in the tissue 54 is the location 
60. 

[0065] However, through the application of virtual electrodes, a stimulus 
current may be centered between two electrodes E1 and E2 (or even more than 
two electrodes), and the effective centered location of the stimulus, reflecting the 
position of the virtual electrode, can be anywhere along the line 62 between 
points 56 and 58. Alternatively, if the current is delivered between electrodes E2 
and E3, the location in the tissue where the stimulus is centered may be 
anywhere along the line 64 between points 58 and 60. 
[0066] FIGS. 8A and 8B further illustrate, the implementation of virtual 
electrodes, through one technique, that is, the use of concurrent delivery of 
weighted stimuli from two electrodes. Current steering is achieved when two 
adjacent (cathodes) electrodes E1, 171, and E2, 172, are concurrently activated. 
A lead carrier 170 having the electrodes 171, 172 Is placed into the one of the 
chambers of the cochlea, such as the scala tympani 190, and abutted against 
either a medial or the modiolar wall. At any given time, \*oi is applied to the first 
electrode 171, and l2*(1-oc) is applied to a second, usually adjacent, electrode 
172. Here, 1^ and I2 represent current stimulation amplitudes and a is the 
fractional index (between 0 and 1 ) of the amplitude of 1^, relative to the amplitude 
of I2. I1 and I2 are two pulse stimulus amplitudes such that, when presented on a 
first electrode 171 and a second electrode 172, respectively, have equal 
perceived loudness. The perceived loudness of a stimulation is determined by 
both its pulse amplitude and its rate of repetition (pulses per second). 
[0067] The use of these two different values, 1^ and I2, provides a 
calibration adjustment since placement of discrete electrodes is imprecise 
relative to target nerves and stimulation thresholds vary greatly between 
individual electrodes based on a number of factors. One of those factors is 
anatomical abnormalities in a patient in which some nerve bundles have died 
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and. thus, particular areas of the cochlea may require more stimulation current to 
produce a given, perceived level of sound intensity. 

[0068] By adjusting a, the peak excitation point can be spatially moved 
within the cochlea somewhere between the natural peak of the first electrode 
(a=0) and the natural peak of the second electrode (a=1). As shown in FIG. 8A, 
when l-,*a and l2*(1-a) are approximately equal, the two fields 175 and 180 
combine to provide a point of highest field strength somewhere between the two 
electrodes 171 and 172, depicted as point "X." As shown in FIG. 8B, the point X 
can be shifted by varying the relative values of \*a and l2*(1-a). 
[0069] The value of a can be computed (estimated) from the FTS 
analyzer/estimator 35 (FIG. 58) using the formula: a = log {FesXO / FJ / log 
{F^Ff}, where F^^^it) is the current peak frequency estimate, and and F^ are 
the low and the high frequency limits of a single frequency band, respectively. 
The estimator processing software will set 1^ and I2 to zero, if a is either larger 
than 1 or less than 0. 

[0070] One embodiment of the method of the present invention for 
determining the values of 1^ and I2 derives them from the envelope in a relevant 
channel. For example, if electrode pair (El , E2) is used to represent channel 2, 
then l-i = (M1-T1) / IDR * log(envelope channel 2) + T1 (approximately), where 
Ml and T1 are the most comfortable and threshold levels of stimulus amplitudes, 
respectively, for electrode 1 and IDR is the input dynamic range. Similarly, 
l2= (M2-T2) / IDR * log(envelope channel 2) + T2, where M2 and T2 are the most 
comfortable level and threshold level of stimulus amplitudes, respectively, for 
electrode 2. The "most comfortable level" is the stimulus level beyond which the 
stimulus becomes uncomfortable to the cochlear implant patient. The "threshold 
level" is the stimulus level which is just noticeable or just detectably perceived by 
the cochlear implant patient. The threshold level of stimulus can be incredibly 
small, amounting to a stimulus current that recruits just a few ganglion nerve 
fibers in the cochlea. 
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[0071] In an embodiment of the method of the present invention, if a is 
estimated to be larger than 1 or less than 0, then the stimulation during this 
frame is shifted to another stimulation channel. For example, if a equals 1 .5, 
then, in accordance with the present invention, the navigator may direct 
stimulation to the next set of electrode pairs (E2, E3) using the relative weighting 
of 0.5. If this electrode pair is past the end of the available electrode pairs in the 
electrode array, then, to maintain stimulation continuity, only the last electrode in 
the array can be stimulated. 

[0072] In another embodiment of the method of the present invention, 
intermediate pitch sensations may be produced, i.e., again using the concept of 
virtual electrodes, by stimulating two or more, usually closely-spaced, e.g., 
adjacent, electrodes in a rapidly alternating, time-multiplexed fashion. This 
technique may be employed when the pairs of electrodes are close together, 
such that the electric fields generated by the two electrodes overlap. Using this 
particular technique for implementing virtual electrodes, a can be estimated and 
obtained as described previously. The relative amplitudes of the electrode pair 
(E1, E2) may be set to values Ir(l1, a)* a and Ir(l1, a) * (1 - a), where Ir(l1, a) 
is a function of 11, that would provide an absolute combined stimulus amplitude 
from electrode pair (E1, E2) which would result in an equivalent perceived 
loudness that would be produced by a stimulus current presented solely at one 
electrode, for instance, electrode E1 or electrode E2. In general, this function 
will be different for different electrode systems and must be estimated using 
standard loudness balancing techniques. 

[0073] The advantage of this last technique is that it may implement virtual 
electrodes in cochlear system that does not support simultaneous stimulation at 
two electrodes. For example, such a system may not be able to provide 
independently controlled stimulus at two electrodes at the same time. However, 
a system may be able to rapidly present a sequence of stimuli in a 
non-concurrent, time-multiplexed fashion, e.g., stimulus presented in rapid 
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sequence: E1, E2, E1, E2, ....and so on, where the stimulus presented at the two 
electrodes may be different amplitudes. The net effect is to employ a virtual 
electrode somewhere between the two electrodes, E1 and E2. 
[0074] Hence, through appropriate techniques of current delivery through 
two or more physical electrodes, to implement virtual electrodes, it is possible to 
thereby effectively direct the stimulus accurately to any location or place along 
the length of the electrode array and thus along the cochlear duct in which the 
array is implanted. 

[0075] The output stage of the ICS 21 which connects with each electrode 
E1 , E2, E3, . . . Em of the electrode array can be as described in U.S. Patent 
6,181,969, which patent is incorporated herein by reference. Such output stage 
can employ programmable N-DAC or P-DAC (where DAC stands for 
digital-to-analog converter) connected to each electrode so that a programmed 
current may be sourced to the electrode or sunk from the electrode. Such a 
configuration allows any electrode to be paired with any other electrode, and the 
amplitudes of the currents can be independently programmed and controlled to 
gradually shift the stimulating current that flows from one electrode through the 
tissue to another adjacent electrode or electrodes, thereby providing current 
steering. By "independently programmed" it is meant that delivery of each 
stimulus at each electrode may be current-controlled and separately 
programmed for pulsewidth, amplitude, and when the stimulus pulse is delivered 
(non-concurrently or concurrently). The N-DACs and/or P-DACs facilitates 
implementation of current steering or, alternatively, time-multiplexed, alternating 
delivery of stimuli. 

[0076] A two electrode example for producing a virtual electrode has been 
described. It can be appreciated that three or more electrodes may be selected 
to interact together to produce a virtual electrode as well. In the two electrode 
example, both electrodes were cathodes and therefore operating in a monopolar 
electrode configuration. It is possible that one or more electrode may function as 
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a return anode or anodes, thereby operating in a bipolar electrode configuration. 
A tripolar electrode arrangement is possible, wherein the middle electrode is an 
anode and the two outer electrodes are cathodes or vice-versa. 
[0077] It is emphasized that the method of the invention, as represented in 
FIG. 5B, is not dependent on the use of particular implementations of a FTS 
estimator and the particular current navigator. Other embodiments of FTS 
analyzers/estimators or current navigators may be used with the present 
invention other than those specific embodiments which have been disclosed. 
[0078] It is further emphasized that the present method can be used in 
conjunction with other stimulation concepts including use of (a) virtual electrodes 
and (b) K of L stimulation strategy. A K of L strategy is a stimulation strategy in 
which only K number of channels or electrodes are stimulated in one time 
interval of the L total available channels or electrodes. K is smaller than L, and 
both are whole numbers. Preferably, L is between 8 and 22 or electrodes. 
Virtual electrodes may be used in such a K of L stimulation system, provided that 
at least two electrodes are concurrently stimulated, e.g., K is at least 2. 
[0079] While the invention herein disclosed has been described by means 
of specific embodiments and applications thereof, numerous modifications and 
variations could be made thereto by those skilled in the art without departing 
from the scope of the invention set forth in the claims. 
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